This paper presents an innovative system for solar thermal process steam and chilled water production. The system consists of a 2-stage solar thermally driven steam jet ejector chiller with latent heat and cold storage driven by motive steam from evacuated tube collectors with compound-parabolic-concentrator (CPC-collectors). Within this paper the design and the functionality of the demonstration plant and essential aspects of the system control are discussed. In addition, operational experiences, the operational behaviour of the entire system as well as performance figures are presented and evaluated.
Introduction
More than 1000 solar thermal cooling systems have been realized worldwide so far [1] . The majority of them are based on sorptive cooling processes. An alternative represent thermo-mechanical cooling processes realized with steam jet ejector chillers (SJEC). The SJEC is a chiller for chilled water generation.
As part of a research project an innovative system for solar thermal process steam and chilled water production was erected at the University for Applied Sciences in Karlsruhe, Germany and put into operation in 2014. The objectives of the project are the development of key components (latent heat and cold storage), the demonstration of direct steam generation with evacuated tube collectors as well as the demonstration of a solar driven steam jet ejector chiller process in an open system design without hydraulic separation between solar field, chiller and chilled water network. The erected pilot plant is the first facility of its kind in this scale. Previous investigations of solar driven SJEC are limited on theory or small pilot plants with only few kW cooling capacity.
Within this paper the design and the functionality of the demonstration plant and essential aspects of the system control are discussed. In addition, operational experiences, the operational behaviour of the entire system as well as performance figures are presented and evaluated. 
Nomenclature

COP
Design and functionality of the demonstration plant
The system consists of a 2-stage solar thermally driven steam jet ejector chiller with a cooling capacity of 100 kW th at a chilled water temperature of 12 °C, which is used to cool a laboratory building at the University for Applied Sciences in Karlsruhe, Germany. The solar collector field is installed on the saw-tooth roof of the laboratory building and the SJEC in a 40 ft container which is placed on the eastern side of the building. An open wet cooling tower is installed on the top of the container for heat rejection.
The motive steam is directly generated in the collector field consisting of 360 m² (aperture area) evacuated tube collectors with CPC reflectors. The nominal thermal capacity of the solar field is approximately 200 kW th . In summer mode the solar field is used to generate motive steam for the SJEC and in winter mode to support the heating system of the laboratory building.
In order to balance solar intermittency and cooling demand fluctuations the plant is equipped with two thermal storages. A latent heat storage based on polyethylene, having a melting point at ca. 130 °C and a storage capacity of ca. 30 kWh and a latent cold storage based on paraffin-water dispersion, with a phase change range between 7-12 °C and a storage capacity of ca. 20 kWh. The latent heat storage is installed in the machinery container parallel to the steam drum, the latent cold storage is placed in the basement of the laboratory building, where the entire system is connected to the supply network of the University. To reduce heat exchange losses the system is designed as an open process, without hydraulic separation between solar field, chiller and chilled water network. Figure 1 shows a technical drawing of the demonstration plant where the machinery container, the cooling tower and the solar field can be seen. In Figure 2 a simplified hydraulic scheme of the demonstration plant is depicted. 
Solar field and steam generation unit
The collector field consists of 16 parallel collector rows. On each saw-tooth of the roof two rows are installed. In each collector row fife Ritter XL 50 P collectors ( 0 = 0,688, a 1 = 0,583 W/(m²·K), a 2 = 0,003 W/(m²·K²)) [2] are connected in series. The collector tubes of the Ritter XL 50 P collectors are coated with a novel plasma coating to reach a higher absorption rate compared to other coatings and a maximum weather resistance [3] . Therefore a silicon oxide gradient layer (SiOx) is applied on the surface of the vacuum tube by plasma ignition. With the collectors target temperatures of up to 160 °C can be reached at a high efficiency even at low radiation values of 400 W/m². The stagnation temperature of the collector is 338 °C.
For process steam generation with evacuated tube collectors two process variants are conceivable. First, the solar collector circuit can be operated as a pressurized water cycle. Hereby, the boiling is suppressed in the solar collector and steam generation takes place in a steam drum which is placed behind the collector field. In the second variant, the steam generation takes place directly in the solar collector. In this project, the second option was chosen. Nevertheless a steam drum was installed to have an energy buffer for a more constant operation condition for SJEC and to prevent the latent heat storage from high temperatures.
The Ritter collectors are based on Sydney tubes (also called Dewar tubes) and use demineralized water as heat transfer fluid which allows the direct steam generation within the collectors. The water boils in the pilot plant over a large part of each collector row. In the rear part of each collector row the steam gets slightly overheated. With the collector field slightly overheated steam up to 150 °C can be provided. Due to the long distance between solar field and machinery room and due to the high operating temperatures specially pre-insulated pipes with low heat loss coefficient were used for the flow line.
For the large-scale solar thermal plant including direct steam generation a control concept has been developed which controls automatically the flow rate of the solar field pump and the different valves for the three operating modes (1) heat up, (2) part load and (3) full load. The flow rate of the solar field pump (summer mode) is controlled in dependence of the difference between steam pressure in the solar field and the pressure measured in the liquid phase of the steam generation unit in the machinery container, so at last as a function of the usable enthalpy difference. If the determined difference is less than a predetermined set value, the solar field pump is not operated. This ensures that the steam cushion does not coincide during operation. Is the pressure difference larger than the set value the flow rate of the solar pump is adjusted linearly between 0-300 l/h.
The filling level in the steam drum is controlled by an active pressure-maintaining station. The reference range is between 20-80 %. At a level above 80 % the pressure-maintaining station drains off water from the steam generation unit and at a level below 20% it feeds water back into the system. Due to the large span a frequent cycling of the pressure-maintaining station is avoided. As a result, electrical energy is saved and heat losses due to mixing of hot liquid from the steam generation unit with cold liquid in the pressure-maintaining station are significantly reduced.
A latent heat storage was installed parallel to the steam drum (see Figure 2 ). The latent heat storage consists of containers which are equipped with an aluminium lamella heat exchanger. The cavities of the heat exchanger are filled with 500 kg polyethylene powder (PE) in total which acts as phase change material (PCM). By using lamella heat exchanger a high charging and discharge rate can be achieved. The used PE-8110 has a melting temperature range of 125-135 °C and a solidification temperature range of 120-130 °C. The melting enthalpy of PE-8110 is 192 kJ/kg so that the latent heat storage reaches a storage capacity of ca. 30 kWh. The latent heat storage is divided into fife modules which are divided into two units. The modules 1-3 as well as the modules 4-5 form a unit.
In Figure 3 a technical drawing of the steam generation unit is shown. 
Steam jet ejector chiller
The ejectors form the core component of the steam jet ejector chiller. They are pumping the refrigerant vapor (water vapor) from the evacuator to the mixing condenser (see Figure 2) . The generated vacuum at the evaporator leads to a phase change of the refrigerant from liquid to vaporous phase. The required heat of vaporization for the evaporation process of the refrigerant represents the cooling effect of the process. In Figure 4 an ejector is shown schematically. The main components of an ejector are the driving nozzle, the mixing chamber and the diffuser. In the ejector an expansion of the motive steam takes place through the jet nozzle. Thereby the expansion of the motive steam is accompanied by a large increase in velocity up to Mach numbers of 3 to 4. The motive steam entrains the refrigerant vapor through momentum exchange. In a following diffuser, the kinetic energy of the mixed vapor stream consisting of motive steam and refrigerant vapor is gradually transformed into potential energy respectively in pressure energy. As the motive steam and the refrigerant vapor mix in the ejector, the usually the same media is used. Both vapor streams are liquefied in the following condenser. The condenser pressure represents the back pressure of the ejector. The pressure in the condenser is in turn dependent on the cooling water temperature. If the temperature of the cooling water decreases the condenser pressure decreases too. Accordingly, the ejector must overcome a lower pressure difference which reduces the necessary motive steam pressure and therefore the motive steam demand. This leads to improvement of the COP th of the chiller. Further information about the functionality of a steam jet ejector chiller can be found in [4] . The required motive steam pressure is determined based on an empirical equation of the manufacturer Gea Wiegand as a function of the condenser temperature and is adjusted by a control valve. As mentioned above the SJEC has two stages.
The waste heat of the process is dissipated by an open wet cooling tower with a nominal capacity of 480 kW. The cooling tower is hydraulically separated from the refrigeration process via a heat exchanger. The accumulated condensate in the condenser is partly fed back into the steam generation unit as feed water for the solar field by means of a feed pump and to the evaporator as refrigerant via a throttle valve. Before the SJEC can be operated the pressure must be lowered until the vapour pressure of the refrigerant water at the required chilled water temperature is reached. Because of leakages due to fasteners etc. ambient air penetrates continually into the system which leads to an increase of pressure. This leakage air must be removed from the system which is realized in the demonstration plant with the aid of two membrane vacuum pumps in combination with an ejector (see Figure 2) . The ejector concentrates the air leakage in a small vessel connected to the vacuum pumps. The part of the condensable gas shares is condensed out by spraying cooling water into the vessel.
Latent cold storage
To compensate variations in the cold water supply a latent cold storage was installed between the SJEC and cold consumer. The latent cold storage is an alternative to commonly used chilled water buffers. Latent-cold storage use the latent heat of a phase change to achieve a higher energy density compared to chilled water buffers and thus a reduction of the required space for the storage. As storage medium so-called Phase Change Materials (PCM) are used having a higher storage capacity than water or brine. However, latent heat storages are often limited regarding their useable charge and discharge rates and also technologically more complex. If the storage medium should remain pumpable after freezing of the PCM phase change slurry (PCS) can be used. Compared to latent heat storages based on pure PCM very high charge and discharge rates can be achieved with PCS because it can be pumped in any operating condition. Furthermore PCS storages can be easily integrated into supply systems and used as storage and transport medium.
PCS consists of a PCM and a continuous liquid phase in which the PCM is dispersed. Several material systems are proposed as PCS, such as: water/ice suspensions, paraffin/water dispersions or clathrate-hydrate slurries. Two basic forms of paraffin/water dispersions are being intensively investigated currently. Firstly, microencapsulated paraffin in water whereby the paraffin is encapsulated in a polymeric shell. The outer shell ensures that the paraffin remains in the form of "particles" homogeneously distributed in the continuous phase. The second investigated type of dispersions are the surfactants stabilized dispersions. Hereby the paraffin is dispersed in water and stabilized with the aid of emulsifiers to avoid separation. The paraffin is present as droplets having a diameter of typically 1 to 20 μm homogeneously distributed in the continuous phase. This type of dispersion is used in the demonstration plant.
The latent cold storage in the demonstration plant consists of a steel tank with a volume of 1.5 m³ which is filled with PCS. The PCS has a paraffin content of 30 % (mixture of two different paraffins to achieve the desired melting point). Since the SJEC is designed as an open process the latent cold storage is hydraulically separated from the chilled water network and thus charged via a heat exchanger (see Figure 2) . In conclusion the dispersion is used exclusively as a storage medium. The usage of PCS in the chiller itself was investigated as part of preliminary investigations. It was found that the usage of PCS in a vacuum environment is not possible due to foaming of the PCS.
In Figure 5 a DSC measurement (Differential Scanning Calorimetry) of the used PCS is shown. It can be seen that the phase change range for charging the PCS is between 7-12 °C and for discharging between 12-16 °C. The difference between melting and solidification temperature occurs due to supercooling effect (hysteresis). The heat of fusion and the heat of solidification is about 55 kJ/kg, respectively. The storage capacity is about 20 kWh; thus a 2-3 times higher amount of energy can be stored in the same volume compared to water. 
Evaluation of the operational behavior and system performance
Adjustment and optimization of plant automation
The commissioning of the entire plant was carried out in late May 2014. Within the summer season in 2014 the functionality of the system has been demonstrated. During the commissioning phase optimization potentials in terms of plant automation were determined and partially implemented. A further adaptation of the plant automation was carried out during the winter time.
Two examples for the adjustment and optimization of plant automation are given below. The first example relates to the control of the steam generation unit. Within the first test runs the SJEC showed an intermittent operation. The reason for this was that the steam drum could not be heated up properly in full load operation of the steam generation unit (only the top layer of the steam drum was heated) and therefore the capacity of the steam drum was too low. When the motive steam valve to the SJEC was opened the motive steam pressure has dropped abruptly and the steam ejectors had to be closed again. To avoid this operation behavior two modifications of the controlling concept have been implemented. First, the flow of the steam coming from the solar field to the steam drum was changed by adjusting the control of the different valves at the steam drum. Furthermore, the operation of the latent heat storage was changed so that the latent heat was heated up directly during the preheating phase of the steam generation unit. Thus, a larger storage capacity for the operation of SJEC is available. These two modifications, led to a more smooth operation of the SJEC and a significant reduction of intermittent operation.
Furthermore, the control of the heat rejection circuit plant was modified. The control concept has been optimized in terms of the motive steam consumption of the steam ejectors and the electricity consumption of the fan from the cooling tower. With regard to the minimization of the motive steam consumption the control concept of the heat rejection circuit was modified so that the cooling tower precools the condenser once the steam ejectors are requested. Thus, the saturated steam pressure is reduced in the condenser, whereby the necessary motive steam pressure and thus the motive steam consumption of SJEC is lowered. This increases the COP th of the system. To reduce the power requirements of the heat rejection circuit an intelligent control of the fan and the cooling water pump has been integrated. If the cooling tower is requested, this attempts to reduce the cooling water temperature of to the wet bulb temperature plus a T of 1 Kelvin. First, only the cooling water pump is started up, since it has a much lower power consumption than the fan of the cooling tower. The fan is only switched on if the cooling power is not sufficient to cool the water to the desired temperature. In this way, the power requirement of the plant is reduced. The optimization of the electric energy requirement of the heat rejection circuit is crucial for the achievable COP el (ratio of provided cold to electricity input) of the pilot plant, since the heat rejection circuit generates by far the largest power consumption in the system. At full speed of the fan the cooling tower has an electric power consumption of 4 kW el , whereby the power consumption of the entire pilot plant can be up to 13 kW el . In the steady state, the pilot plant achieves a COPel of 5 to 9 depending on the operating conditions.
System operation
During the summer period in 2014 and 2015 test runs were performed with the system. Following, the plant operation is presented exemplarily for the 01.07.2015. Figure 6 shows measurement data for the solar field and chiller operation between 08:00 and 20:00 h. As can be seen, the solar irradiation reaches on 1 th July 2015 around 1,000 W/m². The steam generation unit was heated up until around 10:30 in the morning. After heating up the steam generation unit the chiller operation starts at approximately 11:00 h. Between 13:30 and 16:00 h stage two of the SJEC was temporarily activated. The operation of the chiller ended at about 17:30 h.
The solar field provides steam with a temperature up to 150 °C which is saturated or nearly saturated (red graph). The steam temperature is thereby measured within the machinery container. At the outlet of the solar field superheated steam can be provided. But since the piping to machinery container is quite long, the steam cools down a bit so that the steam is not overheated anymore when it enters the machinery container. The blue graph shows the return temperature of the solar field. As can be seen the temperature of the solar field drops frequently. This is due to the condensate feedback from the SJEC. Figure 7 shows measurement data about the cold supply for the timespan between 10:00 and 18:00 h. The ambient temperature is around 27 °C in the morning and reaches values above 40 °C in the afternoon (orange graph) which is quite high for Germany. It can be seen from the diagram that the SJEC achieved under the given operating conditions a cooling capacity of about 75-80 kW. The cooling capacity is accounted at the heat exchanger of the supply network of the University (see Figure 2 ). This means that cold losses of the chilled water line and the heat input of chilled water pumps are neglected, so that the cooling capacity is slightly underestimated. The short-term peaks of cooling capacity to about 150 kW and 175 kW can be explained by accounting the capacity at the heat exchanger of the supply network. Before the peaks occur, the measured cooling capacity is zero. This is due to the fact that at this time, no cold is fed into the supply network. However, the SJEC was still in operation, so that the temperature of the chilled water line dropped. Thus, the high cooling capacity at 12:30 and 13:30 can be explained when the cold supply was switched on again. 
System performance
In Figure 8 , the COP th and the motive steam pressure of the SJEC are plotted against the condenser temperature for the 01.07.2015. The back pressure in the condenser is dependent on the cooling water temperature and defines the motive steam consumption and pressure. It can be seen that the motive steam pressure increases with increasing condenser temperature. Thus the COP th decreases. The motive steam pressure is about 1.5 to 3 bar. Depending on the operating conditions a COP th between 0.1 and 1 is reached. The average COP th for this day accounts 0.47 at an average cooling water temperature of 27.7 °C and an average chilled water temperature of 16.1 °C. 
Conclusion
The erected pilot plant represents an innovative system for solar thermal process steam and chilled water generation and is the first facility of its kind. Within the project several development steps have been implemented. First, the direct steam generation with evacuated tube collectors has been realized and components such as the latent and latent cold storage have been developed especially for the use in the pilot plant. Furthermore it was possible with the aid of the pilot plant to examine the performance of the solar field in conjunction with the steam jet ejector chiller and to evaluate data of various operating conditions. For the large-scale solar thermal plant including direct steam generation and for controlling the steam jet ejector chiller a complex control concept and plant automation has been implemented, so that the plant can operate fully automatically. During the commissioning phase optimization potentials were detected and implemented. The functionality of the system has been proven within the demonstration phase of the system. Evacuated tube collectors are suitable for direct steam generation. It was possible to generate slightly overheated steam up to 150 °C. Furthermore the steam jet ejector chiller works quite well designed as an open process without hydraulic separation between the solar field, the chiller and the chilled water network.
